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Abstract
In this paper, a hybrid system was designed for cooling and lubrication in micro-milling of Ti6Al4V alloy. This hybrid system is based on
mixing the oil with chilled air. The effect of the hybrid system on cutting performance is evaluated in terms of tool wear and burr formation in
the machining of Ti6Al4V alloy. For cutting tests, an ultra-fine grained, uncoated carbide micro end mill with a diameter of 508 m and K10–
K20 grades was used. The efficiency of the designed hybrid system was compared with other cooling/lubrication methods (wet, chilled air, and
MQL) and dry cutting conditions. The experimental results showed that the hybrid system gave the minimum tool wear and burr size. In
addition, it was found that the chilled air with a lower temperature of –30 °C led to chipping type damage on the cutting edge of the micro-tool.
© 2016 The Authors. Published by Elsevier B.V.
Peer-review under responsibility of the International Scientific Committee of 7th HPC 2016 in the person of the Conference Chair Prof.
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1. Introduction
The use of miniaturized products with dimensions of a few
microns to a few millimeters has increased dramatically over
the last decade in fields such as the medical, bioengineering,
and microelectronic industries. Although micro end milling is
similar to the conventional milling process, there are
significant differences owing to the size of the cutting tool.
The main problems in the micro-milling process are poor
surface quality, severe burr formation, rapid tool wear, and
tool breakage. Tool wear in micro-milling affects both burr
formation and geometric tolerances of the machined parts
negatively. The decrease in tool radius along with tool wear
also leads to increases in micro-burr size.
The minimum quantity lubrication (MQL) process is
generally preferred due to the economy of the cutting process
and the fact that it is less environmentally damaging. The oil
particles in the MQL process reduce friction by penetrating
the tool–workpiece interface. As a result, MQL contributes to
increasing tool life. Another approach is the application of
industrial gases like liquid nitrogen (LN2) or carbon dioxide
(CO2) to the cutting process. The use of nitrogen and CO2
focuses on the cooling effect. The temperature of LN2
is ï196 °C and it can be stored at air pressure in insulated
tanks. In particular, this method has been recently used in
alloys such as titanium alloys and Inconel, which are difficult-
to-cut materials. Ucun et al. [2] also used a cryogenic cooling
system in micro-milling. The results showed that the
cryogenic cooling method reduced micro-burr formation. As
mentioned above, CO2 is also used in cryogenic cutting
processes as a cooling gas. Machai and Bierman [1] used CO2
gas in machining of Ti10V2Fe3Al alloy. The CO2 is provided
in a pressurized gas bottle and is fed to the tool tip through
holes in the tool holder’s clamping jaw. In comparison to
flood emulsion cooling, the flank wear was more uniform and
tool life was increased by a factor of two even at higher
cutting speeds. Ucun et al. [3] studied micro-milling of 718
nickel-based super alloy. Flank wear was observed due to the
abrasive wear mechanism, which is the most frequently
observed wear type. In addition, local fractures on the cutting
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edges and sides of the cutting tools as a consequence of
fatigue and BUE formation were observed. Li and Chou [4]
found that the air flow rate had a more significant influence on
tool life than the oil flow rate under MQL conditions. The
optimal lubrication conditions in their studies are an oil flow
rate of 1.88 ml/h and an air flow rate of 40 l/min.
In this study, a hybrid cooling–lubrication system was
developed and its performance was investigated in the micro-
milling process. The performance of the hybrid system was
compared with that of conventional MQL, cryogenic, and dry
cutting in view of tool wear and burr formation.
2. Experimental Procedures
In this study, the micro-milling of Ti6Al4V alloy was
carried out by considering different cutting conditions (dry,
MQL, cryogenic, and hybrid) and using an uncoated micro-
tool. The geometrical properties of the cutting tool are given
in Fig. 1. The cutting tests were performed at a constant
cutting speed (Vc = 31.4 m/min), feed rate (fz = 40 mm/min),
and depth of cut (ap = 0.1 mm). Additionally, a constant
cutting length (385 mm) was considered.
Fig. 1. Geometrical properties of the micro-end mill used in the experimental
process
The workpiece was fixed on a dynamometer in four
different locations and a torque meter was employed to
provide an equal tightening torque. Each cutting force test was
performed on a fresh cutting tool and along a constant cutting
length. A vegetable-based liquid lubricant was used for the
MQL process. The Unist MQL system was used in the cutting
test. The liquid lubricant was sprayed onto the cutting region
at flow rate of 150 ml/h. The MQL method is not able to
reduce the cutting temperatures in the cutting zone
sufficiently. Therefore, a hybrid cooling/lubricating system
was designed by combining MQL with cryogenic cooling
(Fig. 3). Carbon dioxide was used as a cooling agent. The
mixture of the cooled air and oil was sprayed onto cutting the
zone at a pressure of 3 bar. MQL and the cooled air in the
hybrid system were mixed in a single output. In this system,
the temperature of the mixture of air and oil sprayed from
nozzle was –10 C. A wire tthermocouple (J-type) was used to
measure the temperature of the air/fluid ejected from the
nozzle. The thermocouple tips were placed away from the
nozzle exit (Fig. 3). The cutting conditions used in the tests
are listed in Table 1. Tool wear and burr formation were
displayed by means of Scanning Electron Microscopy (SEM).
Prior to the cutting tests, SEM analysis was performed in
order to determine the cutting edge radii of the micro-tools.
Figure 4 shows the SEM pictures of the micro-tools. It was
determined that the edge radii were in the range of 1.45 to 1.6
m.
Fig. 4. SEM images of cutting tool: a) fresh micro end mill, b) edge radius of
uncoated micro end mill
Table 1. Cutting conditions used in experimental study.
Cutting
condition
Temperature
(°C)
Pressure
(Bar)
Cutting
length (mm)
Air flow rate
(l/h)
Chilled air –30  2 3 25
Dry 20  2 – 385 –
MQL 20  2 3 25
Hybrid –10  2 3 25
3. Results and discussion
3.1 Tool wear behavior
The effects of the hybrid cooling–lubrication system used
in tests performed by taking into account equal cutting length
on tool wear mechanisms and tool damage types were
investigated in detail. SEM pictures representing variations in
0.5mm
Fig. 2. Experimental setup for micro-milling tests
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Fig. 3. Schematic representation of the hybrid system used in cutting tests.
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tool diameter in the cutting processes under different cutting
conditions are shown in Fig. 5. It can be observed that
chipping type damage on the cutting edges is dominant in the
cutting process at –30 °C. The reason for this is that the cooled
air at –30 °C leads to embrittlement of the micro-tool. In
particular, the small cross-sectional area of the cutting edge
can cause an increase of embrittlement. In addition, BUE is
observed on the cutting edge. Similarly, chipping type damage
also occurs under dry cutting conditions.  Unlike the cutting
process at –30 °C, BUE formation cannot be observed clearly.
Damage occurring on the tool in the cutting process with
MQL is mainly the result of the abrasive wear mechanism.
The deterioration in cutting geometry is less than in the dry
and –30 °C conditions. The hybrid system gave the lowest
reduction in tool diameter in the cutting process. The transfer
of oil particles with air cooled at –10 °C into the cutting zone
provides a significant improvement in terms of tool life. In
addition, as shown in Fig. 5, no BUE formation is observed on
the cutting edge in the hybrid system. When comparing the
four different cutting conditions with each other, it is possible
to say that the hybrid system has a significant advantage. The
fact that the air is at a low temperature such as –10 °C is an
advantage.  From this point of view, the use of a mixture of
cooled air and MQL provides a significant advantage in terms
of tool life in micro-milling of Ti6Al4V alloy. The variations
in tool diameter at equal cutting length for each cutting
condition are shown in Fig. 6.
As shown in Fig. 6, in the case of the hybrid system, the
variation in tool diameter is minimal. When the air is cooled to
–30 °C it has no lubricating property, which can lead to an
increase in friction at the tool–chip interface. This can
contribute to a reduction in tool diameter.
3.2 Burr Formation
In the micro-milling process, burr formation is an important
feature as well as variation in tool diameter. The micro-burr
formed on the sides of the machined slot is directly related to
tool wear. The wear leads to a deterioration of the tool
geometry and the tool partially loses its cutting capability. In
this study, the effects of different cutting conditions on burr
formation were investigated. After the tests, the machined
surfaces were analyzed by SEM. SEM pictures of burrs
formed under each cutting condition are shown in Fig. 7. In
general, the maximum burr width formed on the down-milling
side. In Fig. 7, the sixth slot exits are given for each cutting
condition except for the hybrid system.
The burr formation increases with increasing cutting
length. The reasons are the wear on the cutting edge and an
increase in cutting edge radius depending on wear. However,
burr width at the end of the sixth slot is larger than that on the
up-milling side because wear on the cutting edges of the tool
is not uniform in the dry cutting process. The smallest burr
sizes were obtained under the MQL and hybrid cutting
conditions. In particular, the use of the hybrid system
substantially reduces burr formation. In Fig. 7, the burr
formation of the ninth slot is shown in order to reveal the
effect of the hybrid system. It is noted that the burr size of the
ninth slot machined under the hybrid system is less than that
of the sixth slot machined under MQL. Another remarkable
point in Fig. 7 is that the burr forms in the direction of the slot
exit under cutting conditions other than the hybrid system. In
particular, the burr size is greatest under the –30 °C and dry
cutting conditions.
Figure 8 shows the variation of burr widths on the down-
and up-milling sides of the slot with cutting length. It is
possible to say that the maximum burr width is measured on
the down-milling side. The maximum burr width is measured
cutting distance of 45 mm (first slot) in the cutting process
with the air cooled to –30 °C. The reason for this is the
embrittlement of the micro-tool due to the low temperature.
On contact between the tool and the workpiece, chipping type
damage occurs on the cutting edge under this cutting
condition. This case leads to an increase in burr size. As
shown in Fig. 8, the burr width exhibits fluctuating progress
with increasing cutting length. This is elucidated in detail in a
previous study by the authors [2].
–30°C
60m 60m
MQL
40m 40m
Dry
40m 40m
Hybrid
60m 60m
Fig. 5. SEM pictures of micro-tool damage under different cutting conditions
Fig. 6. Reduction in diameter of the cutting tool for different cutting
conditions (cutting length = 385 mm)
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Fig. 7. SEM pictures of burrs occurring under different cutting conditions
3 Variation of Surface Roughness
The variation of the average surface roughness with cutting
length is plotted in Figure 9. It can be seen from Fig. 9 that
the Ra values exhibit fluctuating progress with the increase in
the cutting distance except under the dry cutting condition.
The Ra values obtained after a cutting distance of 135 mm are
very close to each other. However after the cutting distance of
270 mm, the difference between Ra values increases. While
the maximum Ra was obtained in the cutting process with
MQL, the minimum Ra values were seen under the dry
cutting condition. A relationship between Ra values and tool
wear may be established in order to better understand the
variation in surface roughness. The Ra values are lower in the
cutting processes under the –30 °C and dry cutting conditions.
When the SEM images in Fig. 5 are examined, the tool wear
is seen to be greater under the –30 °C and dry cutting
conditions. The edge radius of the micro-tool in these cutting
conditions (–30 °C and dry cutting) increases considerably
due to the effect of the abrasive wear mechanism (see Fig. 5).
The increasing edge radius causes the Ra values to decrease,
as expressed by the equation  .
Fig. 9. Variation of average surface roughness with cutting length
4. Conclusion
In this study, the effects of a newly designed hybrid
system (cooling and lubricating system) on tool wear and burr
formation were investigated. The experimental results showed
that the air cooled at –30 °C has negative effects on tool wear
and burr formation due to excessive chip formation. It is
determined that the use of a mixture of air at –10 °C and MQL
provides significant advantages in terms of tool wear and burr
formation. In addition, a significant variation in burr size with
increasing cutting length is not observed in the hybrid system.
This is also an important advantage for the micro-milling
process. The lowest Ra values were obtained under the dry
cutting conditions. Besides, the Ra values exhibit similar
trends under the MQL and hybrid cutting conditions.
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Fig. 8. The variation of burr width with cutting length under different
cutting conditions
